The pathogenesis of rheumatoid arthritis (RA) is incompletely understood. Human endogenous retroviruses (HERVs) and their superantigenic envelope protein (env) have been implicated in the pathogenesis of RA. In the present investigation, the arthritogenic potential of the superantigen staphylococcal enterotoxin A (SEA) has been investigated. In the present investigation, the bacterial superantigen staphylococcal enterotoxin A (SEA) was injected into the right knee joint of 15 Lewis rats. Further nine animals received saline. Animals were sacrificed one, five and 10 days after the injection, respectively. The antigens CD3, CD4, CD8, MHC class I, MHC class II, Pax5 and CD138 were investigated by immunohistochemistry on cryo-sections. After intra-articular SEA injection, the inflammation was initially dominated by CD8+ T cells. In the course of the investigation, the numbers of CD4+, Pax5+, CD138+ and MHC class II+ cells increased. CD3 was expressed in low numbers as compared to CD8. After saline injection, no similar inflammatory response has been detected. The arthritis induced by the superantigen SEA may be a novel model for inflammatory joint diseases, that is rheumatoid arthritis or juvenile idiopathic arthritis.
Introduction
Rheumatoid arthritis (RA) is one of the most common autoimmune inflammatory disorders. The inflammation is primarily found within the synovial tissue. Furthermore, immune proliferation and synovial tissue hyperplasia are characteristic features in the pathogenesis of RA. Recently, human endogenous retroviruses (ERVs), for example the human ERV-K18 [1] , have been implicated to play a role in the pathogenesis of RA and juvenile idiopathic arthritis (JIA) [2] [3] [4] . ERVs can encode for envelope proteins (env) with superantigenic properties [1, 5] . Superantigens may activate T lymphocytes in an oligoclonal manner [6] by binding to MHC class II molecules followed by interaction with the T cell receptor (TCR) or by binding directly to the Vb-chains of the TCR [7] . A single superantigen (SAg) can activate up to 20% of the T cell repertoire. SAg may be encoded by exogenous or endogenous viruses. Furthermore, SAg are produced by different bacteria. Up to now, ERVencoded superantigens have not been commercially available. Therefore, studies have to rely on other superantigens such as staphylococcal enterotoxins instead. Previously, the effect of the superantigen staphylococcal enterotoxin B (SEB) has been studied in the context of the experimental arthritis induced by collagen II [8] . SEB did, however, not exert a major effect in that model, possibly because this superantigen is involved in the pathogenesis more indirectly. To test this hypothesis, the arthritogenic potential of the superantigen staphylococcal enterotoxin A (SEA) was addressed in the present investigation.
Materials and methods
Rats. All experiments were performed with the approval of the animal ethics committee of the Martin Luther University Halle-Wittenberg and Landesverwaltungsamt Halle, Germany (approval 42502-2-1162 MLU). Fifteen 300-g-weight male Lewis rats were injected with 50 ll, 1 mg/ml staphylococcal enterotoxin A (SEA) (Toxin Technology, Inc., Sarasota, Florida, USA) dissolved in PBS, into the right knee joint during deep anaesthesia with isoflurane. This SEA concentration had been proven to be effective elsewhere [9] . Further nine animals received saline into the right knee joint. Injections were placed with the 27G ¾' (0.4 9 19 mm) cannula of BD Microlance 3 â (San Agust ın, Spain) below the patella in the midline of the patellar tendon perpendicular to the tibial bone when the knee joint was bent to 90°when resistance abruptly decreased. All injections were successful as identified by notable expansion of the supra-and parapatellar recesses. Five SEA-injected animals and three saline-injected animals were sacrificed on each of the following time points, that is one, five, and 10 days after the procedure. The injected right knee joint of each animal was removed, shock frozen and fixed at À80°C. Histology and immunohistochemistry. Before embedding in paraffin, the joints were fixed by periodate-lysineparaformaldehyde (PLP) solution (PLP-A (18.26 g L-lysin monochloride/500 ml aqua dest., 8 g paraformaldehyde, 2-4 ml of 1M NaOH) and PLP-D (0.855 g sodium periodate); AppliChem GmbH, Darmstadt, Germany. The time of fixation took 4 h. The decalcification was performed over 14 days at a temperature of 37°C. Six-lm paraffin sections were made using microtome HM 355S (Thermo Scientific, Dreieich, Germany). Neighbouring sections, which showed both condyles of the femur, the plateau of the tibia, both menisci and the suprapatellar recess were selected for further investigations. Haematoxylin and eosin (HE) staining was performed first to detect the most inflamed sites. Thereafter, the avidinbiotin complex (ABC) method was used throughout for immunohistochemical staining purposes. The primary antibodies against CD3, CD4, CD8, MHC class I, MHC class II and CD138 were purchased from BD Biosciences (Heidelberg, Germany), and the primary antibody against Pax5 was purchased from Zytomed (Berlin, Germany). The following steps of the staining procedure were carried out by use of a ZytoChem Plus (HRP) polymer kit (Zytomed, Berlin, Germany). The dilution of antibodies against CD3 and CD4 was 1:20, that of anti-CD8-antibodies was 1:30 and that of the other antibodies was 1:10. After deparaffination by Rotihistol (Carl Roth, Karlsruhe, Germany), the endogenous peroxidase was blocked by 3% hydrogen peroxide (Merck, Darmstadt, Germany). This step was followed by incubation of all slices with a blocking solution for 20 min. The primary antibody was incubated for 1 h, followed by the incubation of the horseradish-peroxidase (HRP) polymer for 30 min. Between each step, the slices were washed with PBS. Aminoethylcarbazol (AEC) chromogen was added for 10 min. HE was used as counterstain. All slices were rinsed with aqua dest. and covered with Kaiser's glycerol gelatine. Negative controls included substitution of primary antibodies of other specificities, the use of non-immune immunoglobulin of the same isotype applied approximately at the same concentration and omission of the primary antibody. Rat spleen was taken as the positive control. All tested antibodies were highly specific for their target antigen.
All sections were analysed using an Axioplane© microscope (Zeiss, Jena, Germany) and AXIOVISION 4.8.2. software (Zeiss). Immunopositive cells for CD3, CD4, CD8, Pax5, CD138, MHC class I and MHC class II in a square with an edge length of 600 lm in the region of maximum inflammation in the suprapatellar recess region of the synovial tissue were analysed.
Statistical analysis. Differences between the experimental groups were statistically evaluated using the nonparametric Mann-Whitney U-test.
Results
Staphylococcal enterotoxin A-injected knee joints showed an unequivocal inflammatory response on HE-stained slices, which was absent in the saline-injected ones. Round cells were distributed throughout the synovial tissue, predominantly in the area of the suprapatellar recess (Fig. 1) .
The maximum of the inflammatory response was detected at day 5 after injection of SEA. The synovial infiltration typically consisted of several layers of round cells (Fig. 1A) . Among the inflammatory cells, CD8+ T lymphocytes predominated (Figs. 1D and 2). At day 1 after injection of SEA, only small numbers of CD3+ T cells and CD4+ T cells were observed. The amount of CD4+ and CD3+ T cells together was lower than the number of CD8+ T cells on days 1 and 5. On day 10, the number of CD3+ T cells and that of the CD4+ T cells was also lower than the amount of CD8+ T cells. During the course of the investigation, the number of CD4+ and CD3+ T cells increased. The number of CD3+ T cells was higher than the number of CD4+ T cells at all three points of the investigation. The number of CD8+ T cells had decreased 10 days after SEA injection compared to the number on day 5 (Fig. 2) . MHC class I+ cells were generally the most numerous ones; their number declined slightly at day 10 after SEA injection. The number of MHC class II+ cells increased considerably over the time (Fig. 3 ). CD138+ and Pax5+ cells could be identified only in small numbers at the first time point of the investigation. Both increased marginally up to day 10 after SEA injection (Fig. 2) .
When all animals injected with either SEA or saline were taken together, the number of antibody-stained lymphocytes in the saline-injected knee joints was significantly lower than in the SEA-injected knee joints (P < 0.05). The highest number of round cells could be observed 5 days after intra-articular injection of SEA. After injection of saline, no relevant inflammatory response could be detected, irrespective of the investigated time point.
Discussion
In the present investigation, the arthritogenic potential of the superantigen SEA was assessed in the knee joint of the Lewis rat. Injection of SEA led to an acute inflammatory response of the synovial tissue, that was especially strong in the area of the suprapatellar recess (Fig. 1) . In the salineinjected knee joint of control animals, the inflammatory reaction was significantly less prominent. Only a few round cells were found during the investigated time interval. The arthritis has presumably been initiated by presentation of the unprocessed superantigen by MHC molecules [10] , for example on the surface of fibroblast-like synoviocytes [11] . Beside fibroblast-like synoviocytes, normal synovial tissue harbours further types of MHC class II expressing cells, for example dendritic cells (DC) [12] and resident type A synoviocytes [13] . As the superantigen was injected into the synovial fluid, synovial lining cells were presumably the first to come in contact with the superantigen. Synovial lining cells are also known as antigen presenting cells [14] .
Eventually, SEA may also have been presented in the context of MHC class I molecules [15] which are constitutively expressed on almost all cells investigated in the present study. While MHC class I expression did not change within first 5 days and even showed a slight decrease at day 10, the expression of MHC class II rapidly increased during the time of investigation (Fig. 3) . Antigen presenting cells may per se become highly stimulated upon superantigenic stimuli and have been shown to secrete diverse cytokines and chemokines thereafter [16] . ........................................................................................................................................................... 
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It is well known that superantigens activate both CD4+ and CD8+ T cells [17] . The cellular infiltrates within the synovial tissue in the present investigation were predominated by CD8+ T lymphocytes (Fig. 2) . In patients with juvenile rheumatoid arthritis (JRA) and juvenile spondyloarthropathy (JSpA), higher levels of activation of CD8+ T lymphocytes have been reported as compared with CD4+ T lymphocytes [18] . Also in the pathogenesis of rheumatoid arthritis, CD8+ T lymphocytes are presumed to play a major role [19] . CD8+ T lymphocytes in inflamed joints of rheumatoid arthritis patients have been shown to be oligoclonally expanded [20] with specificities for several types of viruses including Epstein-Barr virus, cytomegalovirus and influenza virus [21] . Such an oligoclonal type of expansion of CD8+ T lymphocytes with reactivity to various conventional antigens is well in line with a superantigenic stimulus. A predominance of CD8+ T lymphocytes, similar as found in the present investigation, has been reported previously in SEA-induced encephalitis [9] .
Relative to the expression of CD8, CD3 was by far less numerously expressed on the round cells forming the inflammatory infiltrates of the synovial tissue. This difference could not be accounted for by differences in the staining behaviour of the used antibodies for CD8 and CD3, as in the spleen, CD8-positive cells were less numerous as compared to CD3-positive ones (Fig. 4) . A similarly reduced surface expression of different parts of the TCR/CD3-complex like shown here in the SEA arthritis has previously been shown following a superantigenic stimulus of T lymphocytes [9, 22] . Therefore, the finding of a low expression of CD3 in comparison with CD8 on T lymphocytes can be taken as evidence for the presence of a previous superantigenic stimulus. Strikingly, in the synovial tissue of JIA patients, the number of CD3+ T cells was lower than the sum of the CD4+ and CD8+ T cells [23] . In RA patients, a loss of the zeta chain of the TCR of synovial T cells has been shown previously [24] . Whether the reported loss of the zeta chain represents a loss of the entire TCR/CD3-complex remains to be established. In fact, reduced expression of the zeta and epsilon chains of the TCR/CD3-complex have been shown after a superantigenic stimulus [25] . Nevertheless, it has been shown that the superantigen staphylococcal enterotoxin B (SEB) led to an internalization of the TCR in intracellular vesicles [26] . The diminished expression of the TCR on the surface of T lymphocytes may be part of the anergic state that can be induced by superantigenic stimuli and could be regarded as a protective mechanism of the immune system to prevent an overshooting immune response. In line with this concept, tissue-infiltrating CD8+ T cells from synovial tissue of RA patients have been shown to downregulate the production of proinflammatory cytokines [27] .
If a superantigenic stimulus would be active in the synovial tissue of RA patients, then an oligoclonal T lymphocyte response with expression of certain V-beta TCR species can be expected. This has in fact been shown previously [28] . Furthermore, the oligoclonal T lymphocyte response is expected to be associated with a diverse spectrum of antigen-specificities covered by the T lymphocytes stimulated. In this respect, it is interesting to note that such a diverse spectrum of specificities against various viral antigens, including EBV, CMV [29] and influenza [20] , has been reported for lymphocytes obtained from the synovial fluid of RA patients. It cannot be excluded that such an antiviral immune response was triggered by viral antigens directly, however.
The delayed increase in CD4+ T lymphocyte numbers within the synovial tissue 10 days after onset of the SEA arthritis (Fig. 2) would be in line with such a bystander mechanism of recruitment. Due to the delayed increase in CD4+ T lymphocytes, a direct superantigenic mechanism of activation seems to be unlikely. Bystander activation is also probable with respect to other round cell types including B lymphocytes (Pax5+) and plasma cells (CD138+). Like CD4+ T lymphocytes, these also peaked 10 days after onset of the SEA arthritis (Fig. 1) .
Ten days after the superantigenic stimulus, the total number of round cells showed a decrease in number at this time point. The presence of active superantigen is presumably limited to a short time period of at most several days. This finding could explain the self-limitedness of the inflammatory response. While such a limited presence of a superantigen may be similar to a bacterial joint infection, the case may be different when an ERV-encoded superantigen is taken into consideration. This could be locally expressed in the joint over prolonged time periods or follow a relapsingremitting type of course, depending on circumstances that may temporarily lead to ERV activation.
When a superantigenic stimulus is taken into consideration, the source for the superantigen has to be defined. ERV have been associated with different types of arthritis, for example. RA, JRA. At least 8% of the human genome is composed of endogenous retroviral sequences. These sequences were integrated into the human genome in the course of the evolution and are now transmitted from generation to generation like other genes. The majority of human ERVs integrated in our genome is not competent to replicate, and most ERV sequences are presumably silent. Thus, harmful properties of ERVs possibly depend on the circumstances and the organ in which they are expressed. ERV expression may be influenced by various factors [30] .
ERVs code for envelope proteins (env) that may possess superantigenic properties [5, 31] . Of note, a HERVencoded superantigen has previously been shown to be associated with JRA [3] .
Conclusion
Taken together, in the present investigation, intra-articular injection of the superantigen SEA led to an inflammatory response of the synovial tissue with round cell infiltration. The inflammatory response was initially dominated by CD8+ T cells. During the course of the investigation, other inflammatory cells like CD4+ T cells and B cells became detectable, presumably due to bystander activation. These results might be of importance with regard to the pathophysiology of rheumatoid arthritis as well as of juvenile idiopathic arthritis. ............................................................................................................................................................... 
